abstract the aim of this study was to evaluate the effects of evaporative cooling at two different frequencies per day on the respiration rate (rr) of lactating dairy cows, considering cow-related factors. twenty multiparous israeli holstein dairy cows housed in a naturally ventilated cowshed were divided randomly into two treatment groups. the cows of both groups were exposed to 3 or 8 cooling sessions per day (3xcool vs. 8xcool, respectively). the rr was observed hourly, with a maximum of 12 measurements per day. Body posture (standing vs. lying) was simultaneously documented. milk yield was recorded daily. coat color was determined from a digital photograph. the rr of standing and lying cows was lower in the 8xcool group (60.2 and 51.6 breaths per min (bpm), respectively) than in the 3xcool group (73.1 and 65.6 bpm, respectively). For each increment of five kilograms of milk produced, rr increased by one bpm, and the rr of cows in early days in milk (dim) was 12.3 bpm higher than that of cows in late dim. in conclusion, eight cooling sessions per day instead of three lead to a rr abatement in heat-stressed cows under hot conditions, and cowrelated factors directly impact the rr during heat stress assessment.
negative effects are relevant for dairy cows with high genetic merit, which are considered to be more sensitive to heat stress (Kadzere et al., 2002) . Cows with high milk yield performances produce more body heat as a result of metabolic processes (Hahn, 1999; West, 2003) . Respiration rate (RR) is one possibility to regulate the body temperature under heat load (Bernabucci et al., 2010; Polsky and von Keyserlingk, 2017 ) through endogenous heat loss via the respiratory tract (Legates et al., 1991) . Therefore, RR is a sensitive indicator to assess heat load in dairy cows (Tucker et al., 2008; Galán et al., 2018) .When cattle are exposed to fluctuating ambient temperatures, the RR is consistently affected with little or no lag period. RR is a simple parameter to monitor without costly equipment (Brown-Brandl et al., 2005) .
The typical summer season in the coastal plain of Israel is characterized by stable hot and humid weather with minor fluctuations (Moallem et al., 2010) . In the last 30 years, evaporative cooling (forced ventilation and sprinklers) was implemented in Israel to alleviate heat stress in dairy cows in open cowsheds (Berman et al., 1985) . Evaporative cooling provides a short term cooling effect (Valtorta and Gallardo, 2004; Kendall et al., 2007) . Above 35°C, evaporative cooling becomes the only method for heat dissipation in dairy cows to maintain homeostasis (Burgos et al., 2007) . These methods enable high milk production in hot regions by improving heat release (Ortiz et al., 2015; Fournel et al., 2017) .
Susceptibility of cows to heat stress is individual and influenced by various factors related to the cow (Gaughan et al., 2000; Kadzere et al., 2002) . Body posture is a relevant factor to be considered in cows under heat stress conditions. Lying cows may show heat stress earlier, even with a lower temperature threshold (Berman, 2005; Herbut and Angrecka, 2018) . In a recent study, we observed a higher RR in lying cows than in standing cows at a temperature-humidity index (THI) below 80 (Pinto et al., 2019) .
Some authors documented that milk yield (Hahn, 1999) and days in milk (Sharma et al., 1983) are associated with heat metabolic increase and, consequently, heat load in dairy cows (Kadzere et al., 2002; West, 2003) . The influence of coat color, length and density of hair have also been investigated in recent years in dairy cows under heat stress conditions (Maia et al., 2005; Kendall et al., 2007; Tucker et al., 2008) . Dark cows were more susceptible to absorbing solar radiation but also demonstrated higher rates of heat loss than cows with light coats (Maia et al., 2005; Tucker et al., 2008) , because white coat cows presented longer hairs (15.13 ± 0.16 mm) and a higher density (1296 ± 21 hairs/cm²) than the cows with black coats (12.97 ± 0.16 mm and 921 ± 21 hairs/cm², respectively; Maia et al., 2005) . In contrast, when considering cooled cows, the coat color did not influence the RR (Kendall et al., 2007) .
Several studies have demonstrated the effect of evaporative cooling, considering different frequencies of heat abatement. The frequency varied from two (Valtorta and Gallardo, 2004) to four (Avendano-Reyes et al., 2010) , five (Flamenbaum et al., 1986) , eight (Honig et al., 2012) and nine (Her et al., 1988) cooling sessions per day. However, these studies evaluated RR of cow solely twice per day or once per week which increase the uncertainty of heat load assessment. In addition, previous studies did not consider the immediate effect on cooled animals, both when the cooling management was being applied and after the cooling session. Therefore, the objective of this study was to evaluate the effect of two different cooling frequencies on the RR of lactating dairy cows, considering cow-related factors. Specifically, we hypothesized that cows with three cooling sessions per day would have a higher RR than cows cooled eight times per day. Differences in RR could also be observed among the phases before, during and after cooling. Furthermore, we hypothesized that body posture, milk yield, days in milk (DIM) and coat color would influence the RR.
material and methods animals, housing and management
The study was conducted on the research dairy farm of the Agricultural Research Organization, Volcani Center in Rishon Letsiyon, Israel. The experiment was carried out during summer, on 25 measurement days from July to August 2016. A total of 20 lactating Israeli Holstein dairy cows from a group of 30 cows in the barn, second to seventh lactation were included in the trial. The cows were housed all together (both treatment groups) in one single naturally ventilated cowshed. The cowshed floor was a dry manure (elsewhere known as "compost barn") aligned in a NW-SE orientation (31°59'34.3N 34°48'59.1E). The cowshed was equipped with three highvolume, low-speed ceiling fans (730 cm in diameter; capacity: 722,000 m³ of air/h), which worked continuously day and night. The cowshed was divided by light mobile fences. Both groups of cows were exposed to exactly the same conditions and the same farm handling and housing conditions, the only different parameter was the desired experimental parameter, the cooling frequency. The cows were assigned randomly to two different cooling frequencies per day i.e., with three cooling sessions per day (3xcool; n = 10) and with eight cooling sessions per day (8xcool; n = 10).
The cooling sessions were implemented in the waiting yard of the milking parlor, which is located about 20 m from the cowshed, the path from the cowshed to the cooling yard was 70 m. The cooling area had a well-drained concrete floor and had dimensions of 12 × 9 m (108 m²), with approximately 3.6 m² cow -1 . The cooling area was equipped with three large side fans (2 m in diameter; capacity: 120,000 m³ of air/h each) to produce airflow perpendicular to the cows body surface (10.6 m/s air velocity nearby of the fan). A total of 30 sprinklers (720 L/h) were fixed 2.8 m above the ground (approximately 1.4 m above the cows) over the whole area of the cooling yard. Each cooling session was 45 min long and consisted of nine cycles in which the cows received one-minute showers followed by four minutes of ventilation. The 3xcool group received cooling before each milking time (i.e., 0415, 1215 and 1915 h) three times per day. The 8xcool group received eight cooling sessions per day at 0100, 0415, 0930, 1215, 1445, 1700, 1915 and 2200 h, respectively. The 2nd, 4th and 7th cooling sessions in the 8xcool group were followed by milking. For further cooling sessions, the 8xcool group was brought out five additional times between milking, while the 3xcool remained inside the cowshed without cooling.
All the cows were fed a total mixed ration and were milked three times daily at 0505, 1305 and 2005 h in a double herringbone parlor with 13 places each side.
The average daily milk yield of the herd was 44.23 ± 7.70 kg (mean ± SD) per cow. The days in milk (DIM) were on average 128 ± 64.9 on the first experimental day. Days in milk were classified according to the lactation period (early: DIM ≤ 100; middle: DIM > 100 and ≤ 200 and late: ≥ 201 DIM). Milk yield per day and DIM were provided by the management software of the cowshed. Once a week, the health status (i.e., body temperature, heart rate and behavior) and body condition score of the cows were measured.
The coat color of every cow was determined from two digital photographs from both body sides of each cow using image analysis software (ImageJ version 1.51, Wayne Rasband NIH, Bethesda, MD, USA) as previously described by Kendall et al. (2007) and Tucker et al. (2008) . Cows were categorized as having dark (mean ± SD: 85 ± 7.6% black hair), mixed (59 ± 8% black hair) or light (19 ± 4.8% black hair) coat color.
The trials comply with the supervision of the ARO Animal Care Committee (approval number 685/16 IL). The animals were humanely treated during their day-today care by the farm staff and during the study.
Environmental measurements
Ambient temperature (AT) and relative humidity (RH) of the air were recorded every 5 min with nine data loggers (EasyLog USB 2+, Lascar Electronics Inc., Whiteparish, England) positioned inside the buildings (seven in the cowshed and two in the cooling yard) 3 meters above the floor. A total of 109,793 climate datapoints were recorded during the measurement period. The temperature-humidity index (THI) was calculated according to NRC (1971) as follows:
where:
T db is the dry bulb temperature (in °C), and RH is the relative humidity (in %).
The sprinkler water temperature was measured directly on the water outlet nozzle twice daily with a digital thermometer (Fisher Inc., Pittsburgh, PA, USA). The average sprinkler water temperature was 25.5 ± 1.7°C (mean ± SD; range: 22.3 to 27.6°C).
animal observations
The respiration rate (RR) of the cows was observed hourly in one of three time segments (i.e., 1500 to 0200 h, 0900 to 1700 h, or 0600 to 1400 h), yielding 9 to 12 measurements per cow per day. According to Kabuga (1992) , the RR was observed visually by counting right thoracoabdominal movements for thirty seconds and multiplying the value by two (documented as breaths per minute, bpm). The cows were randomly observed within the group. Body posture (standing and lying) was documented. When the cows moved to the cooling yard or back to the cowshed, a 15-min adaptation phase was provided before RR counting started. Observation time relative to cooling was classified as precooling (last observation in the cowshed before cooling), during cooling (all observations in the cooling yard) and post cooling (first observation after return to the cowshed).
statistical analysis
All data collected during the experimental period were used for analysis. The analysis included a total of 4,686 RR observations in 20 cows. A linear mixed model with repeated measurements per cow to test the effect of treatment group (3xcool vs. 8xcool) on analyses of RR was performed. Fixed factors in the models as group and cow-related factors, such as body posture (standing vs. lying), daily milk yield, DIM class (early, middle and late) and coat color (dark, mixed and light), were included. All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). The model used was as follows:
Y is the dependent variable of the natural logarithm of the RR, µ is the general mean, GRP is the effect of the ith treatment group (3xcool, 8xcool), COL is the effect of the jth coat color, POS is the effect of the kth cow posture (standing or lying), LOC is location of the animals during the measurements (cooling yard or cowshed, POC × LOC is the effect of the kth combination of cow posture and cow location, DIM is the effect of the lth lactation period (early: DIM ≤ 100; middle: DIM > 100 and ≤ 200 and late: ≥ 201 DIM), a is the regression coefficient for milk yield (MY), C is the random effect of the mth cow in treatment group i, ε is the random residual.
A variance component covariance structure was used for random effects and repeated measurements. Factor influences were tested at a significance level of 0.05. The differences between the significant factors were post hoc tested by t-tests in multiple pairwise comparisons. The P-values of those multiple comparisons were adjusted by a simulation of the true 95%-quantile of the contrasts, maintaining a global significance level of 0.05. Model viability was checked by a visual examination of the residuals (homogeneity of variance and normality). Interactions of groups in the precooling, during cooling and post cooling phases of RR reaction were tested. The cooling effect (RR differences between cooling and precooling phases) and post cooling effect (RR differences between cooling and post cooling phases) were calculated. A linear regression analysis of the cooling effect and post cooling effect data was performed, and the effect of treatment group was considered.
results

Environmental conditions
The average THI calculated was 78.3 ± 3.26 (mean ± SD). The average THI was 76.0 ± 1.22 at 0000 h and 82.3 ± 1.11 at 1200 h. The daily averages of ambient temperature and THI during the experimental period are shown in Figure 1 . 
Influence of cooling frequency on respiration rate
The RR differed between the 3xcool and 8xcool groups depending on cow body posture (standing and lying) and location (cowshed vs. cooling yard, P<0.001). During the cooling time, cows remained in a standing posture. However, no differences in RR during the cooling period were observed between the 3xcool and 8xcool groups (Table 1) . \ \ Figure 2 . Differences in respiration rates (RR) between the precooling and cooling phases of 3xcool (black dots) and 8xcool (white squares) cows depending on the precooling RR During the precooling phase, the RR of 3xcool cows (89.1 ± 0.85 bpm, mean ± SE) was higher than the RR of 8xcool cows (73.1 ± 0.56). There was no significant difference in RR between the 3xcool and 8xcool groups during the cooling (45.6 ± 0.67 and 42.8 ± 0.37, respectively) and post cooling phases (55.9 ± 0.94 and 56.3 ± 0.65, respectively).
Cows with high RR values during the precooling phase showed a large RR decrease during the cooling phase in both groups (P<0.001), but no differences in the cooling effect between the 3xcool and 8xcool groups (P=0.1008) were observed (Figure 2) . Cows of both groups with RRs over 50 bpm during precooling showed a stronger RR decrease than did those with RRs under 50 bpm during the precooling phase.
In the analysis of the post cooling effect, cows with a high RR during cooling showed a small RR increase in the post cooling phase, and no differences between the 3xcool and 8xcool groups were observed (P = 0.5595, Figure 3 ). (black dots) and 8xcool (white squares) cows depending on the RR during the cooling phase
Effects of cow-related factors on respiration rate
The body posture showed significant influences on the RR of cows (P<0.001). The RRs of standing cows were 8 and 9 bpm higher than those of lying cows in the 3xcool and 8xcool groups, respectively (Table 1 ).
An increase in milk yield directly influenced the RR. With each additional kg of milk produced per day under hot conditions, the RR increased by 0.20 bpm (P<0.001).
Cows in the early DIM period showed higher RR values (71.3 ± 0.98 bpm, mean ± SE) than cows in the middle DIM (64.7 ± 0.55 bpm) and cows in the late DIM (59.0 ± 1.23 bpm) (P<0.001).
There was no effect of coat color on the RR between the 3xcool and 8xcool groups (P=0.6213). The average RR of cows with dark, mixed and light coat color was 63.1 ± 0.50, 68.6 ± 0.51 and 64.1 ± 0.72, respectively.
discussion
Environmental conditions
In the present study, the experimental barn was located in the coastal plain of Israel. The climate of this region is predominantly semi arid with a high relative humidity, and the study was conducted in what is typically the hottest season in Israel. The cows were constantly under moderate to severe heat stress with an average THI of 78. Our study corroborates the conditions described by Honig et al. (2012) , who calculated a mean THI of 78 in the same location. At no time during the experimental period was the THI within the thermoneutral zone of cattle (55 ≤ THI ≤ 61) according to Garner et al. (2017) .
relation between environmental conditions and respiration rate
The average RR (62.6 bpm) of the cows inside the cowshed differed from that reported by Valtorta and Gallardo (2004) and by Kendall et al. (2007) , who observed an average RR of 54 bpm and 24 bpm, respectively, with both studies using evaporative cooling as the heat relief method. The THI of our study was higher than that in those studies. For example, in the study by Valtorta and Gallardo (2004) , the average THI was 71, and Kendall et al. (2007) observed a THI ranging between 56 and 73 units, while we accepted a tendency of cows to show a high RR in the present study. This RR finding is also considered above the stress threshold between 50 and 60 bpm defined by Berman et al. (1985) . Even when we compared our results with those of a similar study carried out by Honig et al. (2012) under the same climate conditions and using eight cooling sessions per day, the RR (50 bpm) was lower than our findings in the present study.
Influence of cooling sessions on respiration rate
The results of the present study showed that 8xcool decreased the RR of dairy cows inside the cowshed, which is in accordance with the results obtained by Avendano-Reyes et al. (2010) and Honig et al. (2012) . Avendano-Reyes et al. (2010) , who compared different cooling management systems with three observations per week, observed that cows with two cooling sessions per day have a higher RR (9 bpm in the morning and 5 bpm in the afternoon) than do cows cooled in four sessions per day. Considering two different cooling frequencies, Honig et al. (2012) also observed a higher RR (6 bpm in the morning and 33 bpm in the afternoon) in cows cooled in five sessions per day compared with cows cooled in eight sessions per day. In the present study, a higher RR (14 bpm, mean of different day times) was found in 3xcool cows than in 8xcool cows. However, Honig et al. (2012) counted the RR twice per week (in the morning and afternoon), and our measurements were carried out hourly, as performed by Gaughan et al. (2008) .
The cooling was efficacious in reducing the RR of standing cows by approximately 36% (26 bpm) in the 3xcool cows and by approximately 26% (16 bpm) in the 8xcool cows during the cooling phase compared with the RR in the precooling phase. The higher RR decrease in 3xcool cows was due to the higher RR values in the precooling phase of this group than in the 8xcool group, with a baseline of 47.1 ± 0.66 bpm in 3xcool cows and 43.9 ± 0.37 bpm in 8xcool cows during the cooling phase. A similar RR baseline of approximately 47 bpm during cooling was also observed in a previous study with steers (Gaughan et al., 2008) . Other studies have demonstrated a reduction in RR due to cooling, where the cows with an average baseline RR of 88 bpm before cooling showed a reduction of 13 bpm after 48 min of cooling (Chen et al., 2015) . Additionally, with 2 cooling sessions/day, a reduction of 23 bpm after cooling application was described (Valtorta and Gallardo, 2004) . In both studies, the RR of the cows was observed before and after the cooling process; hence, in our study, an additional measurement during the cooling took place.
Although no differences were observed in the RR between the 3xcool and 8xcool groups in the post cooling phase, the RR increment of the 8xcool cows was less than that of the 3xcool cows until the following cooling time, as also observed by Honig et al. (2012), who compared eight and five cooling sessions in dairy cows. The increase in the RR in the post cooling phase in both groups seemed to be a response to the high climate conditions that the animals were subjected to inside the barn, as also observed by Chen et al. (2015) after the cooling period. The RR increased from 8 to 40 bpm two hours after cooling, related to the THI increase (Gaughan et al., 2008) . Some authors have suggested that heat stressed cows may keep RR and body temperature below baseline during the cooling period and until 30 min post cooling (Flamenbaum et al., 1986; Chen et al., 2015) , which is comparable to our study, where the RR of cows was determined an average of 53 ± 0.12 min (mean ± SE) after the cooling phase, and the values were always above the baseline.
The positive effect of cooling on heat-stress relief in cattle is already clearly demonstrated in the literature (West, 2003; Ortiz et al., 2015; Fournel et al., 2017) . In addition to this favorable effect of cooling on cows in the present study, we observed that 8xcool cows experienced heat accumulation approximately two hours later than did 3xcool cows. Whereas the 3xcool cows reached a higher RR (92.6 bpm) at 1215 h, the 8xcool cows reached a higher RR (85.0 bpm) before the session at 1445 h. In those time sessions, the 3xcool cows showed a 44 bpm abatement during cooling compared to the 36 bpm reduction among the 8xcool cows. This result demonstrates a strong effect of cooling in cows with more cooling sessions per day, which prevents heat accumulation even during the hottest period of the day at 1200 h (THI = 82.3). These results are supported by other studies that observed an improvement in body temperature (Flamenbaum et al., 1986) and RR (Tresoldi et al., 2018) abatement with the increase in cooling exposure.
A benchmark for cooling frequencies in dairy cows is not concretely defined in the literature. Flamenbaum et al. (1986) concluded that five cooling sessions per day were sufficient to maintain low body temperatures in high-producing dairy cows. However, positive effects were also observed in body temperature and RR reduction of dairy cows with eight (Honig et al., 2012) and nine (Her et al., 1988) cooling ses-sions per day. We agree that eight cooling times per day improved the RR and heat stress abatement in dairy cows, with an average RR reduction of 14 bpm in 8xcool cows compared to 3xcool cows in the present study.
Effects of cow-related factors on respiration rate
Body posture influenced the RR values in both groups. The RR of standing cows was on average 7 and 8 bpm higher than the RR of lying cows in the 3xcool and 8xcool groups, respectively. Previous studies also reported that body posture influences cows under heat stress conditions. The authors reported that heat stressed cows spend more time during the day standing to improve wind convection and hence increase body temperature dissipation (Frazzi et al., 2000; Tucker et al., 2008; Angrecka and Herbut, 2017) . Although the lying posture in dairy cows is a good indicator of cow comfort (Acatincăi et al., 2010; Herbut and Angrecka, 2018) , lying cows decrease approximately 42% of the body surface area exposed to air (Wang et al., 2018) , and may show early heat stress conditions, even with a lower temperature threshold (Berman, 2005) . According to our previous study, where the RR of cows in a lying posture was 7 bpm higher than that of standing cows under a THI below 80, the results of the present study differed. Standing and lying cows in the previous study showed no differences in RR when the THI was above 80. We presume that the cows in the present study increased the RR in the standing posture to improve the effectiveness of heat relief by breathing and wind convection due to the hot environmental conditions over an extended period. Additionally, regarding the rate of each body posture (standing or lying) during the RR count, no differences between the 3xcool and 8xcool groups were observed. Hypothetically, the 8xcool cows were expected to stand more often than the 3xcool cows because they received more cooling sessions per day in a standing posture. Nonetheless, among all observations, 3xcool cows spent 30% of their time in the standing posture, compared to 29% for the 8xcool cows. We therefore presumed that the high standing posture rate in 3xcool cows was observed because they used their free time to improve heat dissipation, while the 8xcool cows used that free time for resting, as mentioned in other studies (Berman, 2006; Honig et al., 2012) . In contrast to other studies that evaluated the influence of environmental temperature on milk yield losses (Ravagnolo et al., 2000; Moallem et al., 2010) , we aimed to identify the influence of milk yield and DIM on the RR reaction in heat-stressed cows. The RR increased one bpm over the average per five-kilogram of milk produced per day under heat stress conditions. We also determined that the RR of early lactation cows was 17% higher than that of cows in the late lactation period (DIM ≥ 201 days). With these two cow factors, we assumed that cows with high milk production per day increased the RR in conditions of heat stress. A large energy demand for milk production during early to mid-lactation and associated cows under high THI conditions tend to increase the metabolic heat output (Hahn, 1999; Kadzere et al., 2002) . High-producing cows have more heat to dissipate during the first 60 days of lactation (Sharma et al., 1983; West, 2003) , which requires a particular management of cooling procedures to relieve the heat.
Our study demonstrated that coat color does not need to be considered during heat stress assessments as a cow-related factor in cows housed in a cowshed. In a study comparing cooled and non-cooled cows in pastoral systems, there were no differences in the average RR associated with coat color category, even in noncooled cows, which were constantly exposed to solar radiation (Kendall et al., 2007) .
This study would be more powerful with an additional control group without cooling throughout the day, as published in other studies (Her et al., 1988; Valtorta and Gallardo, 2004; Chen et al., 2015 and 2016) . During the summer in hot countries, however, failure to employ minimal cooling for high production cows directly impacts animal welfare and is not practicable in commercial barns (Honig et al., 2012) . In addition, the ability to reduce heat load in cattle while reducing water consumption is an important issue for future studies in dairy production.
Under hot climate conditions, heat stressed cows lowered the RR by 14 bpm when applied eight cooling sessions per day instead of three cooling sessions. The continuous measurements reduce the uncertainty of the heat stress assessment in dairy cows. The 8xcool cows exhibited heat accumulation two hours later (85.0 bpm at 1445 h) than 3xcool cows (92.6 bpm at 1215 h). The RR of standing cows inside the cowshed was 8 bpm higher than that of lying cows. For each additional five kilograms of milk produced, the respiration rate increased by one bpm. Additionally, cows in the early lactation period (DIM ≤ 100) tended to have a 17% higher RR than cows in the late lactation period. Our results suggest that eight cooling times per day improve the RR abatement in heat-stressed dairy cows under hot conditions. Further research is warranted to examine practices in water and energy consumption, labor expenditure, animal management and welfare that are suitable for cooling efficiency improvement.
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